Through the flow injection analysis experiments, we discovered that an unsaturated complex of Cu(II) and polyamines (spermine, spermidine, putrescine) had a strongly catalytic effect on luminol-H2O2 chemiluminescence (CL) reaction, and that the CL intensity is proportional to the concentrations of polyamines. Based on the automatic formation of an unsaturated complex of polyamines and Cu(II) when the solution containing polyamines passed through a column packed with solid Cu(OH)2, a new flow injection chemiluminescence analysis method was proposed for the determination of polyamines. The effects of pH, buffer concentration, the concentration of chemiluminescence reagent, and the influence of mixing coil length were examined. Under optimal conditions, the linear range was from 1.0 × 10 -7 mol L -1 to 1.0 × 10 -5 mol L -1 , and the detection limits were 0.17, 0.38, 0.44 pmol for spermine, spermidine, and putrescine, respectively. Compared with other methods, the advantages of this method include convenience, time-saving and low cost.
Introduction
Polyamines: spermine (NH2(CH2)3NH(CH2)4NH(CH2)3NH2), spermidine (NH2(CH2)3NH(CH2)3NH2), and putrescine (NH2(CH2)4NH2), are simple linear aliphatic compounds that are present in almost all cells. There is great interest in assaying polyamines since they play an important role in cell fission, nucleotide biosynthesis and protein biosynthesis in both animals and plants. 1 Many methods have been proposed for the determination of polyamines, such as thin layer chromatography, gas chromatography, ion-exchange chromatography and high performance liquid chromatography. 2, 3 Several detection techniques, such as spectrophotometric, 4 electrochemical, 5 fluorescence, [6] [7] [8] chemiluminescence, 9 and mass spectrometric (MS) 10 detection have been applied. Among them, high performance liquid chromatography methods employing fluorescence, chemiluminescence or mass spectrometric detection are relatively sensitive and selective. So they have been widely applied to the assays of polyamines. The fluorescence detection requires a fluorescence derivatization procedure to convert nonflourescent polyamines into fluorescent derivates. Derivatization procedures increase analysis time and risks of indeterminate errors. Although the MS method is sensitive and highly reliable, its apparatus and operating costs are too expensive for routine analysis. 11, 12 In recent years chemiluminescence (CL) has been widely used as a detection method because of the very low detection limits and wide linear working range which can be achieved while using a relatively simple instrument. 13, 14 The immobilized enzymatic chemiluminescence detection system has been used in the determination of polyamines and has the advantage of high specificity, 9 but the polyamine oxidase is expensive and can be denatured easily. Through the flow injection analysis (FIA) experiments, we discovered that an unsaturated complex of Cu(II) and a polyamine (spermine, spermidine, putrescine), in which 2 of 4 coordination sites of Cu(II) are occupied by amine groups of the polyamine, had a strongly catalytic effect on the luminol-H2O2 chemiluminescence reaction. Based on the automatic formation of an unsaturated complex of a polyamine and Cu(II) when the solution containing polyamines passed through a column packed with solid Cu(OH)2, a new simple and sensitive flow injection chemiluminescence method for the determination of polyamines was established. Compared with the immobilized enzymatic chemiluminescence detection method, the new method offers the advantages of using simple instrumentation, saving time and running at a low cost.
Experimental

Apparatus
The CL intensities were obtained with a static chemiluminescence analyzer (BPCL, Institute of Biophysics Chinese Academy of Science) and a FIA, which is shown in Fig. 1 . The apparatus consisted of an eight-channel flow pump (LZ-1010), an injection valve with a 30 µL sample loop (LZ-1020, Zhaofa Research Institute for Laboratory Automation, Shenyang, China), and a strip-chart recorder (LM14-Y, Shanghai, China). The laboratory-built chemiluminescence detection system consisted of a quartz tube (30 × 2.5 mm i.d.) in front of a photomultiplier tube (R456, Japan) operated at 300 -1000 V using a high-voltage power supply (SD-1, Xi'an, . The inner diameter of the mixing coil is 1.2 mm. The diameter of the glass wool is 6 µm.
The preparation of a column packed with solid Cu(OH)2: CuSO4·5H2O (0.5 g) and distilled water (300 mL) were placed in a 500 mL round-bottom flask. When the CuSO4 solution was heated to 70˚C, 50 mL of 0.1 mol L -1 NH3·H2O solution was slowly dropped in under vigorously stirring. After the reaction was completed, Cu(OH)2 precipitation was filtered under vacuum; the obtained Cu(OH)2 precipitation was washed with 2 × 20 mL ethanol and 2 × 20 mL hot water. The glass wool was immerged into the slushy Cu(OH)2, which was prepared by mixing Cu(OH)2 with a little water; then the Cu(OH)2 supported by glass wool was placed into the plastic tube (20 × 2 mm i.d.). The column packed with solid Cu(OH)2 was washed with doubly deionized water prior to use. The glass wool in the column packed with solid Cu(OH)2 was used as a supporter of Cu(OH)2 so that the solution can smoothly pass through the column. The experimental results show that the column packed with solid Cu(OH)2 can be used for polyamine determination at least 6000 times and the life time is about 20 days.
Reagents
Spermine, spermidine, and putrescine were purchased from Sigma. Stock solutions (1.0 × 10 -2 mol L -1 ) of polyamines were prepared by dissolving them in water and the solution were stored in a refrigerator at 0 -4˚C. NaOH -1.0 × 10 -2 mol L -1 H2O2 solution) was prepared from a stock solution of 1.0 × 10 -2 mol L -1 luminol, 0.1 mol L -1 NaOH and 30% H2O2. All other chemicals were of analytical reagent grade. All chemicals were used as purchased without further purification. Doubly deionized water was used throughout.
Procedures
The investigations of the CL intensity-time profiles and the effect of Cu(II) concentration relative to that of polyamines on the CL intensity were performed with the static CL analysis. In a 10 mL calibrated flask, 1.0 mL Cu(II) solution (1 × 10 -4 mol L -1 ), an appropriate amount of working solution of polyamines, and 1.0 mL H3BO3-NaOH buffer solution (0.05 mol L -1 , pH 9.2) were mixed. The volume was diluted to the mark with water and then the contents were incubated at room temperature for 30 min. One hundred µL of the mixture was transferred into a quartz CL reaction tube, then 200 µL of the CL reagent was injected into the reaction tube by a quantitative injector and the CL intensity was measured without stirring. The peak height of the CL signal was used to determine the amount of polyamines.
The procedure of FIA is shown in Fig. 1 . The flow lines A and B were inserted into CL reagent and polyamine solution, respectively. The polyamine solution, whose pH was adjusted to 9.2 by 5 × 10 -3 mol L -1 H3BO3-NaOH buffer, was passed through the column packed with solid Cu(OH)2 to form an unsaturated complex of Cu(II)-polyamine, and this was then mixed with the CL reagent to produce CL when the injection valve was switched to the position of injection. The concentration of polyamine was quantified by the peak height of the CL signals.
Results and Discussion
CL intensity-time profiles
The CL intensity-time profiles of Cu(II) and the complex of Cu(II) with spermine are presented in Fig. 2 . The insert of Fig.  2 shows the CL intensity-time profiles of Cu(II) aqueous solution, from which we can see that the CL signal of Cu(II) reached its maximum value only for 2.3 s and decayed quickly (t1/2 = 3.6 s). But 2 signals (signals b and c of Fig. 2) were produced when the pH of Cu(II) solution was adjusted to 9.2 by H3BO3-NaOH buffer. The signal b should be the signal of Cu(II) because it has the same CL lifetime as signal a, both of which reached their maximum signal only for 2.3 s and decayed quickly (t1/2 = 3.6 s). But we consider that signal c should be the signal of the complex of Cu(II) and OH -, because besides Cu(II) in H3BO3-NaOH buffer (pH 9.2), only the complex of Cu(II) and OH -could catalyze the CL reaction and produce the signal c, which reached its maximum at 25.0 s after initiating the reaction and decayed slowly (t1/2 = 44.4 s). The signals d and e were produced when Cu(II) and spermine coexist in H3BO3-NaOH buffer (pH 9. reached a maximum for 20.0 s and decayed quickly (t1/2 = 32.0 s), and was about 9 times larger than signal c, demonstrated that the complex of Cu(II) and spermine, which can speed up the CL reaction and enhance CL intensity greatly, had a strongly catalytic effect on the luminol-H2O2 CL reaction.
Effect of Cu(II) concentration relative to that of polyamines
An investigation of the relationship between the concentration of Cu(II) and that of each polyamine was carried out using the static CL analysis method. By adding spermine solution of various concentrations (1.0 × 10 -8 -1.0 × 10 -4 mol L -1 ) into 1.0 × 10 -4 , 1.0 × 10 -5 , 1.0 × 10 -6 mol L -1 Cu(II) solution, whose pH was adjusted to 9.2 with H3BO3-NaOH buffer solution, and then monitoring the CL intensities, we obtained plots of the logarithm of CL intensities versus the logarithm of the spermine concentration (Fig. 3) .
As shown in Fig. 3 , when the concentration of Cu(II) was very high (1.0 × 10 -4 mol L -1 ), Cu(II) and spermine formed mainly an unsaturated complex. CL intensity increased with increasing spermine concentration in the range of 1.0 × 10 -8 -1.0 × 10 -4 mol L -1 . When the concentration of Cu(II) was very low (1.0 × 10 -6 mol L -1 ), and Cu(II) and spermine formed mainly a saturated complex, in which the four coordination sites of Cu(II) are all occupied by the amine groups in spermine, the CL intensity decreased with increasing spermine concentration. When the concentration of Cu(II) was 1.0 × 10 -5 mol L -1 , the CL intensity increased with increasing spermine concentration in the range of 1.0 × 10 -8 -1.0 × 10 -5 mol L -1 , but the CL intensity decreased with increasing spermine concentration when the spermine concentration was greater than 1.0 × 10 -5 mol L -1 . The experimental result demonstrated that the unsaturated Cu(II)-polyamine complex had a strongly catalytic effect on the luminol-H2O2 CL reaction, but the saturated Cu(II)-polyamine complex did not.
The strongly catalytic effect of the unsaturated Cu(II)-polyamine complex on the luminol-H2O2 CL reaction was also proved by the FIA CL system described in Fig. 1 . When the solution of polyamines (spermine, spermidine, or putrescine) was directly mixed with the luminol-H2O2 CL reagent, no CL signal could be observed. However, a strong CL signal was detected when the solution of polyamine was passed through the column packed with solid Cu(OH)2 and then mixed with the CL reagent, and the CL intensity was proportional to the polyamine concentration over a certain range. When the solution of polyamine passed through the column, it could only react with Cu(OH)2 to form the complex with Cu(II), such a complex should be unsaturated because the Cu(OH)2 was greatly excess relative to polyamine.
Effect of pH and buffer concentration
Spermine solution (1.0 × 10 -6 mol L -1 ) was used to optimize the conditions in the experiment. Using the FIA system as described in Fig. 1, we passed then the CL intensity of the solution was detected. The effect of pH on CL intensity is shown in Fig. 4 . As can be seen from Fig. 4 , the optimal pH was found to be 9.2, since the CL intensity of the Cu(II)-spermine complex reached a maximum and the ratio of CL intensity of Cu(II)-spermine complex to that of Cu(II) also had a maximum at this pH value. The highest sensitivity can be achieved at this pH, because the higher the signal-to-blank ratio, the higher the sensitivity.
To find the optimal buffer concentration, we performed experiments at various concentrations of H3BO3 using the FIA system. The effect of the concentration of H3BO3 on CL intensity is shown in Fig. 5 , from which it can be seen that the maximum signal-to-blank ratio was obtained when the concentration of H3BO3 was 5.0 × 10 -3 mol L -1 . Therefore, 5.0 765 ANALYTICAL SCIENCES MAY 2006, VOL. 22 × 10 -3 mol L -1 H3BO3 was selected finally in the assay.
Optimization of the CL reagent
Based on the results obtained above, the investigation of the optimal condition of CL reagent, which consisted of luminol, H2O2 and NaOH, was carried out using the FIA system. We studied firstly the effect of luminol and H2O2 on the CL intensity. Figure 6 shows us a plot of the ratio of the concentration of H2O2 to that of luminol versus the relative CL intensity observed using 1.0 × 10 -6 mol L -1 spermine. It can be seen that the CL intensity increased as the luminol concentration increased. When the concentration of luminol was too low (1.0 × 10 -4 mol L -1 ), the CL intensity and the sensitivity of signal decreased, When the concentration of luminol was too high (1.0 × 10 -3 mol L -1 ), the stability and reproducibility was poor. Thus, in consideration of the stability and sensitivity of the signal, 5.0 × 10 -4 mol L -1 luminol was chosen as the optimum luminol concentration. From Fig. 6 , one can see that the ratio of the H2O2 concentration and the luminol concentration was more important to obtaining maximum CL intensity. There is a maximum CL intensity when the ratio was 20, where the H2O2 concentration was 1.0 × 10 -2 mol L -1 . So the optimal concentration of H2O2 was 1.0 × 10 -2 mol L -1 .
At the optimum concentration of luminol and H2O2, the effect of NaOH concentration on CL intensity was checked. As shown in Fig. 7 , the CL intensity increased with increasing the NaOH concentration in the range of 2.0 × 10 -3 -5.0 × 10 -3 mol L -1 and had a maximum at 5.0 × 10 -3 mol L -1 ; when NaOH concentration exceeded 5.0 × 10 -3 mol L -1 , the CL intensity decreased with increasing the NaOH concentration. Therefore, 5.0 × 10 -3 mol L -1 NaOH was chosen as the optimal NaOH concentration.
Effect of mixing coil length
The mixing coil length was the distance between the point where polyamine, Cu(II) and CL reagent mixed and the point of flow cell. The effect of the length of the mixing coil was tested and the result is shown in Fig. 8 . The effect of mixing coil length on the CL intensity of Cu(II) was similar to that of spermine-Cu(II) complex. The CL intensity decreased with increasing the length of mixing coil from 0.1 m to 0.3 m. When the length of mixing coil was 0.5 -1.0 m, the CL intensity was almost constant, so the optimum length range is 0.5 -1.0 m and the signal-to-blank ratio reached a maximum at 1.0 m length. Therefore, the 1.0 m length of mixing coil was used in the experiment.
The linear range and detection limits
Under the optimum conditions, polyamines were determined independently by varying the concentration of spermine, spermidine and putrescine for a given luminol-H2O2-NaOH solution, and monitoring the CL intensity. The analytical 766 ANALYTICAL SCIENCES MAY 2006, VOL. 22 parameters were shown in Table 1 , from which we can see that the linear range was from 1.0 × 10 -7 mol L -1 to 1.0 × 10 -5 mol L -1 , and the detection limits were 0.17, 0.38, and 0.44 pmol for spermine, spermidine, and putrescine, respectively.
The detection limits of the new chemiluminescence detection method were lower than those achieved with the immobilized enzymatic chemiluminescence detection method, 9 dansyl 15 or OPA 16 derivatization method for polyamines. The method offers the advantages of being faster and simpler since there was no need for a preparation of immobilized enzymes or for a derivatization reaction.
Conclusion
Based on the catalytic effect of an unsaturated complex of Cu(II) and polyamines (spermine, spermidine, putrescine) on luminol-H2O2 CL reaction, a new FIA chemiluminescence method was proposed for the determination of polyamines. The new method offers several advantages over other methods, such as being faster, using simple instrumentation, and the reagents being stable and inexpensive. In addition, it is possible that this chemiluminescence detection method will be used for sensitive detection of polyamines separated by high-performance liquid chromatography. On this subject, further investigations are in progress in our laboratory.
